Fly ash and slag were examined for the removal processes of Pb(II) ions from water in batch experiments under different conditions of adsorbent dosage, initial concentration, pH and contact time. The materials are industrial waste generated from the high temperature treatment of sewage sludge by the circulating fl uidized bed combustion (CFBC) technology. Physical and chemical properties, as well as adsorption effi ciency and calculated maximum adsorption capacity of Pb(II) ions were determined using a variety of methods. The kinetic analysis revealed that the adsorption process is better described by the pseudo-second order equation and it is well fi tted to the Freundlich model.
INTRODUCTION
Rapid industrialization and economic development contribute to the continuous introduction of heavy metals into the natural environment. In accordance with World Health Organization (WHO), Cd, Cr, Cu, Pb, Hg and Ni are the most toxic metals 1 . These days it is still an ecological problem around the world 2 . They are generated during industrial processing and introduced into the natural environment, and thereby enter the food chain and become a health problem. They do not decompose and have a tendency to bioaccumulate in living organisms, causing various diseases, disorders and even death 3 . According to the Agency for Toxic Substances and Disease Registry, lead is ranked second because of the highest toxicity among all substances 4 . Taking the hazards of lead into account, various methods should be developed to remove it from sewage.
There are many ways of wastewater treatment, such as chemical precipitation, coagulation, ion exchange, electrochemical methods, photocatalytic degradation and others 5 . Among them, adsorption seems to be an alternative, promising and cost effective method. Silica gels, ion exchange resins, activated carbon, zeolites, mesoporous materials, silicoaluminate minerals or graphene oxides are popular adsorbents used in the process due to their high recovery effi ciency 6 . Nevertheless, their high costs are a negative side. Nowadays, alternative and cheaper adsorbents are mainly sought among waste generated as a result of industrial processing, including fruit and vegetable residues, biomass, waste from wood industry (e.g. hardwood), waste from agriculture (e.g. corn straw, carrot, rape), oil shale ash, lignin, coal gangue, slag, fl y ash and others 5- 8 .
In accordance with Central Statistical Offi ce in Poland, there was about 540.3 thousand tons of municipal sewage sludge produced by waste treatment plants in 2013 9 . In the European Union it is estimated that about 10 million tons of dry matter of sewage sludge is produced every year and there is an upward trend of around 2-2.5% 9, 10 . Many technologies are used to reduce sludge mass through thermal treatment. However, the circulating fl uidized bed combustion (CFBC) technology has recently aroused an interest and is currently recommended by the European Union as the most effective. The most essential advantage is a signifi cant reduction in sludge weight and the products of combustion processes are fl y ash and slag. The materials are characterized by an irregular shape with a porous surface, no odor, large contents of minerals or a high specifi c surface area, due to which they fi nd many industrial applications, including adsorption of metal ions 10-12 . Thus, thanks to the development of the CFBC technology, cheap fl y ash and slag may have an enormous pro-ecological signifi cance in the separation processes of toxic substances, such as heavy metals in the future.
The purpose of the studies was to examine the physicochemical properties of fl y ash and slag generated from the combustion of sewage sludge using the circulating fl uidized bed combustion (CFBC) technology by several methods, and compare their adsorption properties in relation to Pb(II) ions under different conditions of adsorbent dosage, initial concentration, pH and contact time. In addition, the adsorption kinetics, equilibrium and the Langmuir and Freundlich isotherms were described.
MATERIAL AND METHODS

Fly ash and slag preparation
The fl y ash and slag used in these studies were obtained in a sewage treatment plant in Poland in the circulating fl uidized bed combustion (CFBC) technology. The samples were taken from a fl uidized bed reservoir and prepared in accordance with the Polish Standards PN-EN 14899:2006 and PN-EN 15002:2006. The samples were dried at a temperature of 105 o C to a constant weight (<0.2% moisture content). All chemical substances were analytically pure and distilled water was used in the experiments. three times. The content of individual particles (grain faction, X [%]) was calculated based on the equation (1). (1) where: m 1 [g] is mass of sifted fl y ash or slag, m 2 [g]initial mass of a sample.
The particle size distribution was determined by the laser diffraction method using a Zetasizer Nano ZS (Malvern Instruments Ltd., UK). Bulk density was determined in accordance with the standard PN-S-96035:1997. The mass and volume of samples was measured using a measuring cylinder in triplicate. It (X [g/cm 3 ]) was calculated based on the equation (2).
(2)
where: m 1 [g] is mass of a cylinder with fl y ash or slag; m 0 [g] -mass of an empty cylinder and V [cm 3 ] -volume of the sample in a cylinder.
In addition, the following determinations of fl y ash and slag were made: 1) the elemental composition using a scanning electron microscope (SEM) Hitachi S-3700N with an attached a Noran SIX energy dispersive X-ray spectrometer (EDS) microanalyser (ultra-dry silicon drift type with resolution (FWHM) 129 eV, accelerating voltage: 20.0 kV); 2) X-ray diffraction analysis using Bruker AXS D8 Advance (Germany); 3) thermogravimetric analysis using the apparatus Setsup DTG, DTA 1200 (Setram; temperature range 30 o C-600 o C; the rate of temperature increase 10 o C/min; gas fl ow rate of nitrogen 20 mL/min); 4) the specifi c surface area and the average pore diameter by the Brunauer, Emmett and Teller (BET) method using Autosorb iQ Station 2 (Quantachrome Instruments, USA); 5) the pore volume by Barret, Joyner and Halenda (BJH) method using Autosorb iQ Station 2 (Quantachrome Instruments, USA); 6) electrokinetic zeta potential using Zetasizer Nano ZS (Malvern Instruments Ltd., UK) equipped with autotitrator (MPT-2 Autotitrator); 7) the morphology of the samples was analyzed using a scanning electron microscope (SEM) EVO-40 (Carl Zeiss, Germany); 8) the surface structure was analyzed using a Fourier transform attenuated total refl ection (FT-IR ATR) Spectrum 100 (Perkin-Elmer, Waltham, USA).
Energy dispersive spectroscopy (EDS) is a method used in scanning electron microscopy (SEM) for the determination of chemical elements in solid samples. A single EDS measurement is a result of the acquisition of energy-dispersive spectrum in which there are characteristic peaks of chemical elements. Samples of fl y ash and slag were dried to a constant mass, then placed in the vacuum chamber of the apparatus prepared for measurements. Then the sample was treated with a focused electron beam with energy values up to 30 keV. Electrons hitting the surface of the sample are scattered into the material and ionize its atoms by knocking out secondary electrons from the stationary shells. The obtained gaps in the electron shell are fi lled with other electrons coming from the outer shells of the atom. Then, the ionized atoms emit X-ray quanta of discrete energy, which are typical for the chemical elements present in the sample material. The emitted photons are collected by the EDS detector and transmitted through an elec-tronic system to the multi-channel analyzer, where the pulses are separated in accordance with their amplitude. The number of quanta (intensity) of X-rays is proportional to the concentration of a particular element in the sample. Finally, the energy-dispersive spectra are sent to a computer equipped with a special software system for processing spectral data. The EDS analysis is considered a non-destructive method, because there is no difference between the quality of samples before and after analysis 13 .
The Pb(II) ions adsorption process
Determination of the adsorption effi ciency of Pb(II) on fl y ash and slag was carried out in batch experiments. Lead nitrate (Pb(NO 3 ) 2 with analytical purity (standard for AAS 1 g/L, Sigma-Aldrich (Germany)) was used in these studies. The adsorbents (20-200 mg) and a portion of Pb(NO 3 ) 2 solution (20 mL) containing 2.5-20 mg/L of Pb(II) ions at pH range 2-5 were placed in a 50 mL conical fl ask and shaken at 150 rpm during 1 h until equilibrium was reached. The pH of Pb(II) solutions were adjusted using 0.1 M HNO 3 and NaOH solutions. Subsequently, the contents of the fl asks were centrifuged for 15 min. at 4000 rpm for phase separation. Next, the solutions above the adsorbents were analyzed by the atomic absorption spectrophotometer (F-AAS, at a wavelength λ = 217 nm for lead) SpectrAA 800 (Varian, Palo Alto, USA) to determine the Pb(II) concentrations after adsorption. The measurements were performed in triplicate at room temperature (23 ± 1 o C), under environmental pressure and average results were presented. The removal effi ciency A [%] and the adsorption capacity q e [mg/g] were calculated in accordance with the equations 3 and 4, respectively:
where: C 0 and C e [mg/L] are initial and equilibrium metal ion concentrations, respectively; V [L] -volume of solution and m [g] -mass of adsorbents.
Kinetics and isotherm parameters were calculated using pseudo-fi rst-order (5) and pseudo-second-order (6), Langmuir (7) and Freundlich (8) models according to the equations, respectively:
where: q t [mg/g] is the amount of Pb(II) ions adsorbed at any time t [min.]; q e [mg/g] -the maximum amount of Pb(II) ions adsorbed per mass of the material at equilibrium; k 1 [1/min.] -the rate constant of pseudo--fi rst-order adsorption; k 2 [g/(mg · min.)] -the rate constant of pseudo-second-order adsorption; q max (mg/g) -the maximum adsorption capacity; K L -the Langmuir constant; C e [mg/L] -the equilibrium concentration after the adsorption process; K F -the Freundlich constant and 1/n -the intensity of adsorption.
RESULTS AND DISCUSSION
Characteristics of the adsorbents
The determination of grain composition was carried out and the results are following: a) the particles of fl y ash: 0-0.212 mm -87.6%, 0.212-0.500 mm -11.1%, 0.500-1.0 mm -1.3%, b) particles of slag: 0-0.212 mm -13.04%, 0.212-0.5 mm -73.6%, 0.500-1.0 mm -11.4%, 1.0-1.7 mm -0.62%, > 1.7 mm -1.28%. It has been revealed that the particles are not homogeneous, but their size has a signifi cant impact on the adsorption process. Based on the literature, the smaller size of fl y ash particles the greater Pb(II) adsorption effi ciency, which is associated with a larger surface area and the amount of active centers 14 . Therefore, the smallest fractions, less than 0.212 mm in diameter, were applied in the experiments.
The analysis of particle size distribution had some limitations, i.e. not all particles were able to form a slurry in an aqueous solution (heavier and larger particles fell to the bottom of the solution). Therefore, it was possible to analyze only the particles suspended in the solution. Only one peak in the plot has been revealed corresponding to particle size of 1205 and 955.4 nm for fl y ash and slag, respectively. The difference is due to the fact that the ash particles are more volatile and less dense compared to the slag, hence the particles with larger diameter were able to suspend.
Fly ash and slag contain particles of various shapes and sizes, which combine into agglomerations of different densities. In these studies bulk density was determined by loosely fi lling the samples into a cylinder and by thickening on a vibrating table. The results were equal to 0.71 ± 0.01 g/cm 3 and 1.44 ± 0.02 g/cm 3 for fl y ash, respectively. In case of slag the results were estimated at 0.82 and 1.34 g/cm 3 , respectively. The study exposed an increase in the bulk density after the compaction process.
The SEM-EDS method was used to analysis of the samples and the results are presented in Table 1 . The peaks present in the spectra correspond to elements and oxides. Fly ash mainly contains O, Ca, P, Al, Si, Fe, Mg and CaO, P 2 O 5 , Al 2 O 3 , SiO 2 , Fe 2 O 3 , CO 2 , MgO. In addition, slag is mainly composed of Ca, O, Fe, S, P, Al, Si, C and CaO, SO 3 , Fe 2 O 3 , P 2 O 5 , SiO 2 , CO 2 , Al 2 O 3 . There are also other elements and oxides in smaller amounts. The presence of oxides was calculated by stoichiometry in the EDS microanalysis based on estimation and not a measurement. Characteristically, these materials are agglomerates composed of different particles and their quantitative and qualitative composition slightly differs depending on the location of the measuring point on the sample using the SEM-EDS method. However, a comparison of the compositions of these materials with others published in the literature is presented in Table 1 . There was similar content observed for oxides Na 2 O, TiO 2 , MnO or Fe 2 O 3 . Differences in the composition of other substances result from many factors, such as combustion process parameters, a type of dried sewage sludge, an analytical method, etc. Bhardwaj et al. reported that the presence a greater number of carbon black and Fe 2 O 3 in fl y ash composition promotes better mercury adsorption effi ciency 15, 16 .
Based on the thermogravimetric measurements a weight loss (TGA) is observed with an increase in temperature. In the case of fl y ash there is a constant continuous and almost a linear weight loss up to 2.5%. The change may be caused by the removal of adsorbed water from the sample, as well as the removal of CO and volatile constituents (e.g. organic compounds). At a temperature of 400-450 o C signifi cant mass loss is noticed in the case of slag. This phenomenon is probably the result of the combustion of organic residues adsorbed on the sample surface 24 . Increasing the temperature to 550-600 o C results in subsequent weight loss up to 0.5% in total. This change can be caused by the degradation of the surface wall of grains as a result of the release of gaseous products from their interior.
Based on the SEM-EDS analysis, the presence of carbon dioxide in fl y ash and slag was observed after the fl uidized bed combustion process (Table 1 ). It may be attributed to carbon oxidation and calcium carbonate decomposition according to the following chemical oxidation -reduction reactions: C + O 2 → CO 2 (9) CaCO 3 → CaO + CO 2 (10) Carbon dioxide is produced as a result of the carbon oxidation for temperatures less than 973 K (700 o C). The thermogravimetric analysis (TGA) shows a weight loss in 500-600 o C range, which is also attributed to calcium carbonate decomposition into calcium oxide and carbon dioxide 25, 26 .
A derivative weight loss [%/min.] is presented by the DTG analysis. Only one band is visible at 330 o C (weak band, fl y ash) and 410 o C (more intensive band, slag). This The next DTG slope is recorded at about 600 o C, which may result from the release of gaseous products. The negative values of signals can indicate the presence of endothermic reactions.
The BET analysis indicated that the specifi c surface area (S BET ) of fl y ash and slag is 3.75 and 1.87 m 2 /g, volume of the pores (Vp) is 0.014 and 0.0096 cm 3 /g and average pore diameter (Apd) is 17.6 and 21.2 nm, respectively (Figure 1 A, B) . Adsorption isotherms have different courses, which are dependent on the pore size and the intensity of the adsorbate interaction with the adsorbent. Their shape is typical of III isotherms, which are convex in the direction of the pressure axis. The shape informs about the co-operating adsorption, which means that the previously adsorbed particles can lead to increased adsorption of other remaining ones. The effect of the adsorbate -adsorbate is more important than the adsorbate -adsorbent interaction. At the low relative pressure, low adsorption effi ciency appears as a result of weak adsorbate -adsorbent interactions. Nevertheless, when a molecule is adsorbed once, the interaction of the adsorbate with the adsorbate promotes the adsorption of other ions, and as a consequence the isotherm becomes convex in the direction of the pressure axis 27 .
In accordance with IUPAC classifi cation, pores occurring in fl y ash and slag are classifi ed as mesopores (2.0-50 nm) 28 . The pore volume distribution was determined by BJH method. During capillary condensation in mesopores, the pressure enhancement increases the thickness of the adsorbate layer on the pore walls. Thus, the adsorption isotherm in the range of relative pressure 0.01 < p/p 0 < 0.5 was determined to indicate volume and distribution on the basis of mesopores 29 .
Zeta potential parameter was determined, because it is important for many applications in industry, such as environmental protection or sewage treatment plants. Fig. 2 shows that fl y ash and slag curve courses are quite similar, but the potential values for slag are slightly smaller. Low stability of the dispersion system is presented at pH 2.1-2.6 (5.6-18 mV). It has been revealed that pH values infl uence the surface charge, which exhibits a decrease from 18 mV (pH 2.17) to 1.2 mV (pH 4.2), and then it rises to 9.2 (pH 7). It is characteristic that the charge does not reach isoelectric point (IEP), because there is a larger number of negative ions than positive ones. Then the zeta potential was measured after Pb(II) ion adsorption processes. In the case the surface charge varies from positive (8-18 mV, pH 2.1) to negative (-30, -34 mV, pH 7) values. At pH 2-2.5 and 6.5-7 there is suffi cient charge to confer solution stability. The isoelectric point (IEP) is reached at pH 3.5-3.7, which can be explained by the fact that the balance between positive and negative ions has been achieved, which is very important from a practical consideration (the system is least stable). In this point particles of fl y ash and slag have the smallest viscosity, solubility and osmotic pressure. The adsorption process of Pb(II) ions (positively charged) is a preferred process, similarly to the fl y ash and slag materials that had mostly negative surface before the adsorption. Lead ions were added in the form of Pb(NO 3 ) 2 salt to the adsorption process, which means simultaneous adding positively charged Pb(II) and negatively charged NO 3 -. The surface negative ions were neutralized by Pb(II) ions, which was recorded by lowering the zeta potential values. It has been reported that pH infl uences zeta potential. In acidic solutions adsorption of positively charged ions increases the zeta potential value. However, it is decreased in alkaline solutions by a greater number of negatively charged ions.
The SEM images of fl y ash and slag particles before adsorption processes were analyzed and shown in Fig. 3 . It has been revealed that the particles are formed into irregular agglomerates and contain mesopores. They are compact and spongy with a porous surface and heterogeneous structure. The smaller particles are less irregular than larger ones. The acicular, elongated and irregular shape of particles depends on the combustion temperature in the process. The particles take on a more spherical shape or crystalline form when the time of the combustion process is longer 30 .
Comparison of adsorption processes of Pb(II) ions on fl y ash and slag
Eff ect of adsorbent dosage
The impact of adsorbent dosage on the adsorption of Pb(II) is shown in Fig. 4 . The process effi ciency increased with an increase in the adsorbent dosage up to 1 and 4 g/L for slag and fl y ash, respectively. The doses can be considered as optimal. After that the adsorption is kept constant and does not expose any signifi cant changes despite increasing adsorbent doses. In addition, the experimental adsorption capacity decreased from 11.1 to 0.8 mg/g and from 21 to 4.7 mg/g, respectively. With this phenomenon, active sites are fully utilized when interacting between the adsorbent and Pb(II) ions at low mass 31 . It is assumed that at higher adsorbent mass, active sites available for adsorption were not fully utilized. Thus, the decrease in adsorption capacity with an increase in adsorbent dosage was observed.
Eff ect of initial concentration
The impact of the initial concentration of Pb(II) ions at the adsorbent dosage of 1 and 2 g/L was presented in Fig. 5 . In the case of fl y ash the removal effi ciency A [%] decreased and experimental adsorption capacity Q e [mg/g] began to grow when the concentration of metal ions increased. The removal effi ciency reached the maximum in case of applying 2 g/L fl y ash (93%). In comparison, it has been revealed that slag curves maintained an upward trend in both cases. When the metal concentration of 100 mg/L was applied, the removal effi ciency was equal to 83% and 88.6% for 1 and 2 g/L, respectively. In this case increasing Pb(II) concentration had a positive effect on the adsorption process. An increase in the experimental adsorption capacity occurred, because the active centers to be fi lled were still present and their total amount available had a huge impact on adsorption effi ciency.
Eff ect of initial pH
The impact of initial pH on the adsorption was determined and shown in Fig. 6 . The initial pH range from 2.0 to 6.2 was used based on the Pourbaix diagram for lead ions in aqueous solutions and literature review 32, 33 . In case of fl y ash (1 g/L) the removal effi ciency exhibits rather low values (4.5%) at initial pH 2.0 due to the competitive reaction between H + and Pb(II) ions to occupy active sites on the surface of the material 34 . It should be noted that the interfacial tension values at the solid-liquid interface strongly infl uence the adsorption processes 35 . When higher pH values were used, the adsorption of Pb(II) increased due to more favorable adsorption conditions and greater affi nity to active sites. Oxides present in these materials (SiO 2 , Al 2 O 3 , etc.) are sensitive to changes in pH, hence they were refl ected in the behavior of Pb(II) ions. The proposal of ion exchange mechanism between H + and Pb(II) ions in the adsorption process can be presented by the equations 11-13.
(11)
where: X can be Si, Al, Fe or another one. As the pH increased, the number of SiOanions (dissociated from the hydroxyl group on the surface of the material) increased, resulting in the higher electrostatic attraction between the interacting ions. While slag was used in the same adsorption conditions, the removal effi ciency (75-83%) was rather stable and did not exhibit a signifi cant change with the pH growth. The experimental adsorption capacity also showed stable course at about 13-16 mg/g. In these experimental conditions, the precipitation of Pb compounds can be taken into account because of the distribution of metal ions as a function of pH.
The studies of adsorption kinetics
Eff ect of contact time
The effect of contact time on the adsorption process was examined and shown in Fig. 7 . A rapid increase in the fi rst 10 minutes occurred and then an equilibrium was achieved for the adsorption of Pb(II) ions on fl y ash. The best process effi ciency was obtained at a dose of 5 g/L (95-97%) and can be ranked as follows: 5 > 4 > 3 > 2 > 1 g/L. In case of slag material an equilibrium was achieved after about 20-30 min. Compared to fl y ash, taking the amount of applied dose into account the removal effi ciency can be ranked as follows: 3 > 2 > 1 > 4 > 5 g/L. The rapid initial increase in adsorption may be due to the presence of free spots on the adsorbent surface and a high concentration gradient of Pb(II) ions at the adsorbent-solution interface. Adsorption equilibrium was gradually achieved as a result of occupying active centers by cations, therefore sorption mechanism may take other forms 36 . Pseudo-first-order and pseudo-second-order kinetic models Pseudo-fi rst-order and pseudo-second-order model were used to describe kinetics of Pb(II) adsorption on fl y ash and slag (Table 2) . Based on the calculation the correlation coeffi cients R 2 for the pseudo-fi rst-order kinetic model were low. This indicates that the adsorption mechanism does not fi t into a fi rst-order reaction. Thus, pseudo-second-order equation was applied for subsequent studies. Adsorption rate constants k ad , equilibrium adsorption densities q e and correlation coeffi cients R 2 were shown in Table 2 for comparison. According to the data, higher correlation coeffi cients for both adsorbents were noticed in the pseudo-second-order model, so there is a higher degree of correlation between the calculated q t and the experimental q e values. To conclude, the pseudosecond-order model best fi ts the description of adsorption kinetics of Pb(II) ions on fl y ash and slag. Therefore, the process seems to be diffuse and chemisorption probably occurs on the material surface 37 . There is a likelihood that chemical bonds were formed during the adsorption process and adhesion to the material surface occurred. There is a smaller probability of particle collision in case of lower concentration of Pb(II) ions in the solution. Furthermore, lead ions could join ash and slag active centers more quickly 38 .
Adsorption isotherms
The Langmuir and Freundlich isotherm models were used to describe the adsorption process. As it is seen in Table 3 the isotherm parameters generally fi t into the Langmuir equation for 1 g/L and 2 g/L of fl y ash and slag, respectively. The values of calculated q m and constant K L are estimated at around 48-52 mg/g and 0.03-0.2, respectively. The K L is related to the adsorbent and solute binding energy, which refers to the spontaneity of the adsorption process. If the K L value is greater, the spontaneity of the adsorption reaction is higher. As a result, it is associated with a more stable product and more effi cient adsorption capacity 39 . The Freundlich isotherm model is an empirical equation and refers to the relationship between the concentration of Pb(II) ions adsorbed per unit mass of adsorbent (q e ) and their concentration in the solution at equilibrium (C e ) 40 . The constant K f is responsible for the adsorption capacity of adsorbents and the slope 1/n relates to the infl uence of concentration on the adsorption capacity. In this study the Freundlich constants K f and n are estimated at around 0.97-8.6 and 1.97-1.5 for fl y ash, 1.4-1.9 and 1.4-1.6 for slag, respectively. In accordance with the results present in Table 3 the data is more closely in line with the Freundlich model. The greater K f value, the higher amount of adsorbent dosage. Therefore, based on the constants values it can be stated that it is easy to separate Pb(II) ions from aqueous solutions.
The SEM -EDS analysis of fl y ash and slag
The morphology and composition of adsorbents after adsorption of Pb(II) were analyzed using scanning electron microscopy combined with electron dispersive spectroscopy (SEM-EDS) ( Figure 8 , Table 4 ). An analysis of SEM images showed that fl y ash and slag particles before and after adsorption keep the original shape. The spectra analysis showed that the concentration of elements and oxides depends on the type of fl y ash and slag particle, and is always slightly different due to the position of the measurement point on the surface of particles. Therefore, the particles are not homogeneous due to their quantitative composition, but the presence of individual elements is virtually the same. When the results of EDS analysis before and after adsorption process were compared (Tables 1 and 4) , it was revealed that the amount of some elements in the samples decreased. This means that in all probability some of them in the ionic form (such as C, O, Mg, Al, Si, P, Na, K, Ca, Ti, Fe) were transferred into an aqueous solution. In addition, the EDS analysis confi rmed the presence of adsorbed lead ions on the surface of fl y ash and slag samples after the adsorption process.
The Pb(II) distribution on the surface of the analysed samples was determined by SEM-EDS mapping using the backscattered detector (Fig. 9) . The results show a homogeneous distribution of the element in the analyzed fl y ash sample and that the Pb signal is intensive. 
FT-IR analysis
The FT-IR analysis of fl y ash and slag before and after Pb(II) ions adsorption processes was conducted (Figs. 10, 11, Table 5 ). In case of fl y ash (Fig. 10 ) intensity of peaks increased after Pb(II) adsorption and additionally their position changed. The peak at 3643 cm -1 disappeared, but the bands at around 3253 cm -1 and 1740 cm -1 appeared. The bands at 1026 cm -1 and 800-400 cm -1 became strongly intensive due to a possible complexation process or formation of surface complexes with Pb(II) ions. In case of slag ( Fig. 11 ) a change in intensity of peaks also was observed at 1408, 1112, 874, 713 and 600-380 cm -1 because of a possible occurrence of bonds with lead ions (Pb-O). The strong band at 1112 cm -1 moved slightly towards the lower wavelength values. Additionally, the EDS analysis revealed the presence of lead oxides. Table 4 . The chemical composition after adsorption of Pb(II) ions (determined by EDS microanalyser) Table 5 . FT-IR peaks of fl y ash and slag and their assignment 
CONCLUSIONS
In these studies, fl y ash and slag generated in one of the municipal wastewater treatment plants in Poland using the circulating fl uidized bed combustion (CFBC) technology were examined for the possibility of removing lead ions from aqueous solutions in adsorption processes. Firstly, the adsorbents characteristics were described by the use of a variety of analytical methods. Next, the impact of adsorbent dosage, initial concentration, pH and contact time on Pb(II) ions adsorption effi ciency were examined. A maximum adsorption effi ciency of 97.4% and 96.4%, and the calculated maximum adsorption capacity of 51.98 mg/g and 54.08 mg/g for fl y ash and slag were achieved, respectively. Equilibrium and adsorption kinetics were studied and characteristic parameters for isotherms were calculated and analyzed. In accordance with the kinetic data, the pseudo-second-order kinetic model and the Freundlich model suited better these adsorption processes.
To conclude, these studies revealed that low-cost fl y ash and slag obtained in the CFBC technology can be successfully used to adsorb lead ions from aqueous solutions due to the highly-mineral composition and appropriate physicochemical properties. Therefore, this achievement creates new perspectives for the use of the waste materials obtained from the effective technology for removing metals from municipal and industrial effl uents.
